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A NEW UNIVERSAL IMPEDANCE BRIDGE 
WITH SIMPLIFIED, SEMI-AUTOMATIC TUNING 



By using feedback to adjust one bridge 
element automatically, a bridge requiring 
only one balancing control is achieved. 



Universal bridges have consider- 
able versatility, being able to mea- 
sure not only resistance, capacitance, 
and inductance over wide ranges, 
but also the (J of inductances and the 
dissipation factor (1/0 of capacitors. 
I bis versatility, bowcvci, has led lo 



complicated control panels, often- 
times making it not so simple for the 
casual user lo make bridge meas- 
urements without recourse to studs 
of the instruction manual. 

A new universal bridge has been 
designed to remove the confusing 




DKTECTOR 



Fig. 2. Typical impedance bridge config- 
uration, this one for measuring unknown 
capacitor C,-R, in which capacitor loss 
factor is considered as resistance R, in 
parallel with pure capacitance C, Besides 
adjustment of R, R IH1 must be ad- 
justed lo match time constant of C,-R, v 
to time constant o[C,-R, if balance is to be 
achieved R lHJ and R are interacting as 
far as indication on detector is concerned. 

elements that have been associated 
with bridge operation. For example, 
the readout is direct. Measurement 
results are displayed b\ an in-line 
digital readout and the decimal point 
is placed automaticallv bv the RANGE 
switch. The unit of measurement, as 
selected by the FUNCTION and 
R.\N(.K switches, is shown in a win- 
clow. There is no need for applying 
multiplication factors to the read- 
ings and. as shown b\ the panel ar- 
rangemeni in the photo of Fig. 1. 
the re is no ambiguit) in making read- 





i i 

Fig. \ . New Unwersal Bridge has digital readout, automatic 
decimal placement, non-ambiguous range indication, and other 
features that simplify measurement of resistance, capacitance, 
inductance, Q, and loss factor. Bridge design eliminates pro- 
longed balancing procedures formerly caused by sliding null 
in measurements of lossy readme components. Control circuitry 
automatically brings DQ resistor to correct value as CRL dial 
is adjusted for n null 
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Rg.3 Bridge circuits selected by FUNC- 
TION switch in new Universal Bridge In 
auto mode measurement of low Q or high 

f) components, DQ resistor (R, i is replaced 

by servo controlled variable resistance. 



L,- 




l\Dl CTANCE UUOCE «*, C" 

ll'atallrl loss I 



ings <>i resistancd capacitance, or 
inductance. 

\-. .1 furthei step tow an I removing 
confusion factors, the only terminals 
dii the from pane] "l the new instru- 
ment are those for the unknown com- 
ponent. Ml other terminals, those 
For bias insertion and For external 
detectors and generators, are on the 
real panel. 

MEASUREMENT RANGES 

The new bridge (-hp- Model I'-'fiOA) 

includes live bridge circuits (Fin- 3), 

selected l>\ the FUNCTION switch, 

anil neiess.iM generators and detec- 
tors. An internal dc supplj is used for 
measurements ol resistance and an 
inicrn.il l-kll/ oscillator drives the 
bridge for measurements on capaci- 
lors and inductors. The bridge is 
packaged in a compacl cabinet, 
suitable lor bench use 01 for ratk- 

mounting with other -hp- instruments 

in standard hp- rat k adapters, and 
it operates Irom ac line power. 



The bridge measures resistance 
values from I't milliohms to III meg- 
ohms, indm lances Irom I micro- 
henry to 1000 henry, and capaci- 
tance Irom I pit in 1000 J*F. ll has 
Seven ranges eai h lor (., H. and / 
measurements, ll achieves an ac- 

c mac \ of±19S throughout ihe rnajoi 

portion ol its range and at leasl 29S 
a< ( urac v lor the I ull range. Q is mea- 
sured in two ranges, with series /. 
and R I rom <).<>L> to 'JO and with par- 
allel / and R from 8 to 1000 Dissi- 
pation laclot I) is measured in two 
ranges, from "(ll to .IS foi series ( 
and ll and From ,05 to 50 With par- 
allel ( and R. I he accuracv ol I) and 
(> ineasurements is ±5%. 

I lie drixiuu om illalor wilhm ihe 

d 

bridge operates ai I kHz. Othei fre- 
quencies within a range ol 'Jll 11/ lo 
20 kHz may be used to chive the 
bridge, rear panel terminals enabling 
external osc illaioi s and deletion to 
be used. 



DIRECTIONAL INDICATORS 

I he new bridge was also designed 
lo simplify Operating procedures. 

During measurements ol capacitance 
■ >i induct. mi e. illuminated arrows 
(on either side of I lit- 'CHI ' legend) 
show in which direction the controls 

should be turned to ac hieve balance. 
These indicators enable the proper 
range to be selected quick!) and elim- 
inate the "back-tracking" thai is so 
<>i ten mci essai > when the initial set 
ling is far off null and the meter is 
relatively insensitive to a change in 
the (III. control. The null point is 
indicated when the arrows switch 
diret lions, 

ELIMINATION OF SLIDING NULLS 

One of the major contributions 
towards simpler operation in the new 
bridge is the technique for elimi- 
nating 'sliding nulls.' In a< bridge 
measurements of reactive compo- 
nent v noi oulv must the ac signal 
amplitude ai the known and Unknown 
bridge cornets be equal, but I he 
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Fig. 4. Photo shows operating features which contribute to easier 
bridge operation Readout is digital anil decimal point is placed 
automatically by RANGE switch Window above RANGE switch 
shows unit of measurement for seleeteil range and functions, cir- 
cuit diagram shows whether lossy component of reactance is mea- 
sured as resistance in parallel with or in series with reactance. 
In 'Auto' mode measurements of ca/mcttance and inductance, 
illuminated arrows above CRL control indicate direction that 
RANGE and CRL controls should lie turned to achieve null 



signals urns! also be in phase il a null 
is to be achieved. In a typical univer- 
sal hi id^c. mm h as ill. il show n in the 

diagram of Fig, two controls [Id in 
.nid /i'„ u ) ii i Li si be operated i<> bring 
the bridge into balance. These con- 
trols are interacting, particular!) 
when loss) reactive components are 
being measured, and must be ad- 
justed alternate!) several dines, each 
time in bring the detector towards 
a new minimum, before a complete 
null is ,M hieved. I Ins multistep pro- 
cedure, known as a 'sliding null." 
often requires main adjustments 
before a true null is obtained. 

Fhe new bridge simplifies the null- 
inn procedure In using a feedbat k 
control system to make one ol the 
bridge adjustments automatically. 
To find the value ol an unknown 

capacitance oi inductance with this 
bridge in the 'Auto' mode, it is pnl) 
iici essai \ to adjust one control (Hi Hi * 
loi balance, since the oilier variable 
(Rpql is automatical!) brought to the 
correct value, c oi /. (.in then be 
read direct!) alter balancing the 
bridge with the one adjustment "' 
the CRL control. 
Should M be desired to also find 

the value ol dissipation factor (/)) 



loi capacitors or quality factoi ((>) 
loi inductors, a mautiallv -t on I rolled 
potentiometer can be switched in 
place ol the automatically-controlled 
resistance aftei the initial balani e with 
the (.III (oiiirol has heeii reached. 
I he DQ control then is adju ted foi 
a second mill indication. I he bridge 



is iluis broughi to complete balance 
with onlv I wo adjuslineuls. 

The manually-controlled l>(> dial 
has a cylindrical readout with lour 
scales l*o reduce the likelihood thai 
the Wrong stale ma) be read, a red 
arrow points to the scale selected l>\ 

the I I M I l( )\ swit< h and the value 
ol /) or Q is read direct!) hum die 
stale indicated. \ mechanical cou- 
pling between the RANGE and 
KU'Ncn K)\ switches, besides dis- 
playing the selected unii ol incasurc- 
nieni in a window above the RANGE 
switch, also shows a ( in nil diagram 
which indicates whelhei the unknown 
Component loss is being measured 
as a series resistance OJ a |iarallel 

resistance (Fig. 1). This arrangement 
simplifies interpretation ol measure- 
ment results. 

THEORY OF OPERATION 

The chai at terisiics oi at and d( 
bridges are thorough!) discussed in 
man) testbooks and other refer- 
ence material and need nol be dis- 
cussed here. Automatic control of 
the DO' resistor, however, has not 
been standard practice and deserves 
explanation. 

During measurements o! ( or I- 
in the 'Auto' mode, the variable 
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Fig. 5. Automatic control of DQ resistor is effected by phase de- 
tector which responds to phase relationship between bridge output 
and reference phase. Phase detector controls ac impedance of diodes, 
which serve as [)Q resistor, by control of diode current 
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resistance controlled In the DO 
dial is replaced l>\ .1 pair <>l series- 
connected diodes, as shown in ihe 
simplified diagram ol Fig. ~>. The .i< 
1 csistam c nl 1 Ik- diodes < .111 be \.n ted 
from 16 ohms to .1 few megohms In 
change ol the d« curreni through 
the diodes. 

Diode curreni foi control "l ihe 
diode resistance is derived from the 
iini|)iii oi the phase detector, which 
responds i<> the bridge unbalance 
voltage. \s described more Full) in 
the .niiilc ln-nuiiiiiii; mi page 6, 
ihis arrangcmeni Foi ma an electron^ 
servo thai adjusts the diode resistance 
in maintain the i>i idge output voltage 
in quadrature with the reference 
phase, Adjustment ol the ( HL con- 
trol can then bring the bridge direct!) 
to balance with the diode resistance 
aUtoinaticall) (racking the CM. 
control, 

Once thai balance lias been 
achieved in the 'Auto' mode, the 



operatoi switches the bridge oui of 
the 'Auto' mode, which places the 
manuall) controlled DO' potentio- 
meter iRrxi) ba« k into the cin nit. Ad- 
justment <>l the control fora null 
then determines the value ol Dor (> 
I'hc direction indicators arc con- 
trolled b) a second phase detector. 
It is characterise of a< bridges thai 
the bridge output waveform inverts 
as [he bridge output passes through 
a null during adjustment ol Ran.- 
I be phase detet tot hence can deiei 1 
mi which side >>t balance the bridge 
adjustment lies. I he second phase 
detectot controls a binary circuit 
whi« li in nu n controls the dire< lional 
indicator I. imps. Eithei one 01 the 
hiIht ol t In- lamps will be illumi- 
nated, depending upon which side 
ol balance the l>i idge is on, 
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A SYSTEM FOR AUTOMATIC CONTROL OF THE 'DQ' RESISTOR 

IN AN IMPEDANCE BRIDGE 




Fig. L Typical He bridge and corresponding ueCtOT relationships. 
Vector T)Q is bridge driving voltage. Vector OS is fixed by mlue 
of unknown component and setting of RANGE switch. Vi ctor OP 
is determined by R, „, and R,^ controls and (', Balancing bridge 
m00C» vector OP tfUO coincidence with OtetOrOS, reducing bridge 
output voltage PS to zero. 



Tin- system foi automatic control 
<>| the 'I HI' resistor in the new -hp- 
Model 4260A Universal Bridge has 
beCn described brieflv in the .itumi- 
panyingartit le. For the sake ol < larity, 
the simplified dea ription given there 
omitted certain details in the theor) 
of operations details which make the 
automatic system workable over a 
wide measurement range. This 
article presents .1 more complete 
desi ription. 

Since balancing an at bridge re- 
quires adjustmeni of both phase and 
amplitude; the technique for obtain* 
ing automadc adjustment ol Ron is 
most easily described with vector 
diagrams. The vector relationships 
lot a pardculai sel ol component 
values in .1 typical bridge are shown 
in the diagrams ol Fig, 1 The vectors 
are: 

Yei lot ()(), the bl idge driv i n t< \0I1- 

age, which serves as the reference 
vet toi : 

Vector OS. the voltage across the 
unknown component <",-/{,,: 
VectOl SQ. the voltage across 
RANGE resistoi 

Vet tor /^. the voltage at l oss R, „, : 

Vet tor OP, the voltage across I , 

and Rdq in parallel. 

The vec tor voltage between points 
/' and .S' in I- i ^» . I represents the 

bridge output voltage. I'oini S es- 

scntialh is lixecl b) the value ol the 
unknown and In the selling ol the 
RANGE switch. Point iP is variable 
and is positioned bj the Rem and 
I!,,,, controls. Balancing the bridge 
is a process ol bringing point /' into 
coincidence With point S. t-tlectheh 
reducing vectoi PS to zero 

Theor] shows that when U, la is 
adjusted while Ron ' s held constant, 

the loCUS Ol pOtMl P 's an arc ol a c ii - 

c le whi< h passes through points 0 and 



(J. as shown in Fig. -. The center ol 
the circle is on a vertical line which 
bisects QQ and the position ol the 

center and the radial dimension de- 
pend on the ratio of X& Rdq (see 
appendix). 

When Rati is adjusted, wink- Ii,,,, 
is held constant, the lot us ol point P 
follows a different circular arc, also 
shown in Fig. '2. This circle passes 
through point () and its center lies on 
the \c'i lie al through poini 0. I he po- 
sition of the center and the ra- 
dial dimension depend 011 the ratio 

XcJRfM- 



Adjustmeni to null, changing Rum 
and R„„ allot naleh, I hen brings poini 
P to poini S along a curved rig-zag 
path suc h as lhai shown in Fjg. S- 

AUTOMATIC BALANCE 

Tp achieve auloiuatic council o| 
R IM) , it is necessan to separate the 
effect ol bridge unbalance caused l>\ 
R IIU from that caused liv !{,,„. To 
see how this can he done, consider 
the effect ol a small change in R IKI . 

As shown in Pig. -. a < hange in Ruq 

mines point /' along the aic ol a c il - 

de. l or a \c i \ small c hange, the loc us 
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Fig. 2. Loci of head of vector OP as R and Rett ""' adjusted in- 
dependently. Each adjustment moves P along arc of circle. Para- 
meters for each circle are changed as opposite control setting is 
changed. 
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Fi|j. 3 Path fbltowtd by point P during bridge nulling 
by alternate adjustment of R, ,„ and R,*j Each ad- 
justment achieves minimum bridge output by min ing 
P In line between point S and center of circle that 
describes locus of P during t/mt adjust me/it. as sliaicn 
for first /bur adjustments. 



Via 4 Determination of phase reference fur sensing 
change in output collage causeil by change in RpQ, 
Small change in mines I' along path approxi- 
mating tangent to circular locus of I'. Tangent inter- 
sects Ttfertncc vector TjQ at an angle 2l< that is tu n e 
angle II made h\ l ector OP with respect to OQ 



nl point /' roa) be considered as b 
straight line tangent to the Ape circle. 
A detector which senses unbalance 
caused by Roo, hence should be sensi- 
tive to i lie phase "i the tangent t<> 
the H„ Q circle at point /'. li thus be- 
comes .in instrumentation problem 
to determine the phascofthe tangent. 

The geometrical construction in 
Hg. I explains how the phase angle 
ol the tangent may In- determined 
with respect to the reference vectot 
OQj In Fig, I. the tangent .n point /' 
is extended to the lint- (>() where ii 
intersects Of) at point l>. From inspec- 
tion, angle />/•/• = angle D0F= W 
(/■ is the center ol the /<„ (/ circle). 

OP is a chord ol the Run circle; FQ 
.iihI /•"/' arc radii and arc dins cijual 
in length. Hence, the triangle OPf 
is Isosceles. 

Thus, UPQF = LOPF, 

and since LBOF = l&PP = W°. 

therefore. LBOP = iMPQ 

We define : noi' = ti Hence, from 
the above, the tangent BP makes an 
angle 0 (ZJ3PO) with reaped to OP. 
Since iW)/'= I8S 0 — 29, the tangent 
1)1' thus makes an .mule 2tf (A.QDP) 
with respect to 0Q> 

rhus it is that the bridge output 
resulting from a small misadjust- 



menl ol Km, has a phase angle '-" 
with respect to the bridge driving 
voltage (OQ)- Therefore, to isolate 
the effects ol unbalance caused by 
misadjustment ol Rpo, the reference 
for die phase-Sensitive detector 
should have a phase equivalent to 
taHet iht phas e angti <•/ vector OP tvilh 

ics/ial In OQ. 

The reference phase hence is vari- 
able \s H, i,i .uid Hon are adjusted 



throughout theit complete range, 
the lull range ol " (phase angle of 
vectpi OP) is from 16' to 80* 58', as 
determined l>\ die resistance range 
ol these two controls, fhe reference 

phase 2H would thus v.n\ from 32' to 
l(U° 56' : Hence, il would not he ex- 
pelled ih.it .in automatit control 
svslciil lor H„ u usinj> ;i lixed phase 

reference would he stable through- 
out the lull range ol the instrument, 




Project leader Kutsumi Yoshimata discusses design of production model 
instrument with Gregory Justice 'center i and Edward Hansen 1 right I 
who developed initial concept of semiautomatic bridge at hp- Advanced 
R and I) laboratories in Palo Alto 
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Fig. 6. Automatic control system moves 
tip nf vector OP to point P, where hntlge 
output voltage P,S /.v minimum for that 
setting of A, 
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Fig. 5. Derivation of reference gating uaiv- 
form vhasexhi/teil Jn with respect to bridge 
driving waveform OQ 



\ variable phase reference insures 
st;ii>iiii\ w 1 1 i lc also maximizing sen- 

sitivilV I'M llu- (OIllMll SVStelll. 

ELECTRICAL DERIVATION OF 2» 

A phase reference equal t<> 20 is 
derived fk-i nil . 1 1 1 \ in the mariuet 
illustrated in Fig, 5. fhe reference 
voltage (JC) (waveform A in Fig. !>) 
is amplified and clipped i<> a square 
wave .ind it is used to turn .i differ- 
ential amplifier lull on \( I. The volt- 
age waveform taken across bridge 
arm OP (waveform /<) is likewise con- 
vet ted i<> a square wave and ii is used 
ai the othei input oi the differential 
amplifier to turn it full oil. I he out- 
put voltage "I the dillciential ampli- 
lier thus is .1 ici tangular pulse (wave- 
form C) thai bas ■> width equivaleni 
to t he phase angle 0 between OP and 
OQ. 

I he redangulai pulse is applied 
to an integrator. The integrator out- 
put is .1 triangular pulse that slopes 
up lor the duration ol the input pulse 
and which slopes down again [*OI an 
equal period ol lime following die 
pulse (waveform 0). The width at 
the hase ol the resulting triangle thus 

corresponds t<> '2H. 

The triangular waveform is ap- 
plied to a (lipping amplifier thai 
saturates at an input voltage close 
to the baseline. The resulting output 
pulse, which has a width very neaih 
equal 10 20, is differentiated (£) and 

the spike at the Mailing edge triggers 

a monostaible multivibrator, rhe out- 
put waveform IF) oi the multivibra- 
tor thus has a phase delav ol -I) with 



resped to the bridge driving volt- 
age OQ. 

1 he multivibratot has an 'On' 
period ol 1/2 111s, and since il is trig- 
gered at a I -kHz rate, its output is a 
square wave. The square wave con- 
trols a gale through w hich the bridge 

output voltage (C) is passed, and 
which functions as a phase detei tor. 

The smoothed output of the gate i> 

used as the control signal loi adjust- 
ing Run, 

Roq actual!) consists ol semicon- 
ductot diodes connected in parallel 

with ( i- I he .11 imped. UK e ol these 
diodes can he 1 hanged I mm vet J low. 
with l ull fot ward bias applied, to verv 
high with lull reverse bias. The di 
control svstem adjusts the bias on the 

diodes to bring RgQ lo a value that 
brings the av erage out put ol the gate 

(phase detector) to zero, thus reduc- 
ing i" zero the component ol the 

bridge OUtpUl voltage that is in phase 

wiih 2ft The remaining component 
ol the bridge output is a quadrature 
voltage that it-suits from unbalance 
1 aused bv A', „, . 

ORTHOGONALITY 

( onsidci novv what happens when 
A',, u is uikU'I aiiliimaiii (oiiirol and 
RpjU adjusted. I he diagl.un ol 
Fig. Ii illustrates the situation when 
R CM is not vei broughl to budge bal- 
ance. Assume thai the unknown 
(ompoueni places ihe lip ol vcdoi 
OS al point s '"id thai H, ,„ and H nu 
initial!) had values SUCh thai the tip 
of vector Ol' lies al /',. Flu- auto- 
maii( control svstem ihen moves the 



8 



© Copr. 1949-1998 Hewlett-Packard Co. 




Universal Bridge design team at Yukagawa Hewlett-Packard Cn. tan 
international joint venture company!. From left to right. KttZU Suzuki. 

Homo Itoh, Hlfothi Noguehi, Kattumi Yoenhaoto, Rimfjira Kikuchi, 

Uiiclu Yokityuma. and Toshio Muraoka. 



lip <il veriot III' in point l\ vvliiih 

is coKneai with FS and which thus 
brings vector PjS to .1 minimum 
value. A 1 this |)uini. vet tor /',S' is 
orthogonal to angle 2B. Thus, the 
automatic control system functions 
in 111.1i11i.1i11 1 Ik- liiidiif unbalance 
voltage "i 1 1 n tgonal to angle 20, v» hit h 
is exact!) whai happens in the man- 
ual mode each time thai ft«<j is ad- 
justed foi .1 minimum bridge output 
indication. 

DIRECTIONAL INDICATORS 

Iht- "2H' square wave is also used 
in control the directional indicator 
arrows. In t It is tase. ilu- bridge 0111- 
pul vOltage is phase-shifted 90°, 
bringing ii either in phase or 180° 
out nl phase with the 20 square wave 
(when Rim is under automatic con- 
trol). I In- phase-shifted signal is then 
applied to .1 gate controlled l>\ the 
28 square wave, the output nl this 

gate having a positive value when 
the two waveforms are in phase, 01 
a negative voltage il the) are 180" 
• ■in nl phase. This is in contrast with 
the /em volts average gate output 
required foi control ol Roq. 

II Rem i s adjusted through a null, 
with l{„ u undei autoiiiatii control, 
the bridge OUtpUl goes IO zero and 



then assumes die opposite polarity 
on the olhei side ol null. ( This umild 
he the case il poini S were on the 

othei side of the /?m circle in Fig. 6). 
I lerice, the polarii) ol the directional 
1 ontrol gate output depends on which 
side of null the bridge is adjusted. 

I lie output ol the directional con- 
trol gate is applied to a < in nil that 
drives the neon indicators, fhis cir- 



( mi is such thai either one or the 

min i nl the two neons is illuminated. 

I he d< control voltage causes the 
correct arrow to be illuminated <i< 
cording lo which side ol balance the 
hi idge is on. I he < ross-over is shat plv 
defined. 

— Katsutni Yosfumoio, 

llin iio lion, mill 
Hileuhi Nogtn In 



SPECIFICATIONS 
-hp- 
MODEL 4260A 
UNIVERSAL BRIDGE 

CAPACITANCE MEASUREMENT 

CAPACITANCE 

RANGE: 1 pF to 1000 uF. in 7 ranges 
ACCURACY: 

:t(l% + 1 Digit), from 1 nF to 100 iiF 
• i2% t I Digit), from 1 pF to I nF and 

100 ,.F to 1000 «F. 
Residual capacitance ^ 2 pF. 
DISSIPATION FACTOR 
RANGE: 

LOW D (series C): 0.001 to 0.12. 

HIGH D (parallel C): 0.05 to 50. 
ACCURACY iC greater than 100 pF): 

LOW D: - (5% r 0.002) or one dial divi- 
sion, whichever is greater. 

HIGH D: .-(5% + 0.05) or one dial divi 
sion, whichever is greater, 

INDUCTANCE MEASUREMENT 

INDUCTANCE 

RANGE: 1 «H to 1000 H. in 7 ranges. 



ACCURACY: 

• (1% | 1 Digit), from 1 mH to 100 H 
'_(2% i 1 Digit), from 1 „H to 1 mH and 

100 H to 1000 H 
Residual inductance <1 iiH. 
QUALITY FACTOR: 
RANGE: 

LOW Q (series L): 0.02 to 20. 
HIGH Q (parallel LI: 8 to 1000. 
ACCURACY IL greater than 100 ,H> 

LOW Q: -(5% + 0.05) or one dial divi- 
sion, whichever is greater 
HIGH Q ^(5% + 0.002) or one dial divi- 
sion, whichever is greater 

ELECTRONIC AUTO NULL 

Accuracy of CL measurements made in 3 and 
4 figures (when D <J 1, Q > 1) equals non 
automatic measurements within ~0.5%. 

RESISTANCE MEASUREMENT 

RANGE: 10 m.lliohms to 10 megohms, in 7 

ranges. 
ACCURACY: 

• fl% +■ 1 Digit), from 10 ohms to 1 meg 
ohm 

-(2"4 - 1 Digit), from 10 milliohms to 10 

megohms 
Residual resistance as 3 milliohms 
Resistance measurements at dc only, 



OSCILLATOR AND DETECTOR 

INTERNAL OSCILLATOR: 1 kHz ±2%. 100 mV 
rms ±20%. 

INTERNAL DC SUPPLY: Less than 40 volts 
at nominal ac line voltage. 

INTERNAL DETECTOR: Tuned amplifier at 1 
kHz: functions as a preamplifier for meas- 
urements with external generator. 

EXTERNAL OSCILLATOR: 20 Hz to 20 kHz 
measurements of capacitance, inductance, 
dissipation factor and quality factor are 
possible with external oscillator (range will 
be a function of applied frequency). 

GENERAL 

POWER SUPPLY: 115 or 230 volts 10 50- 

60 Hz. appro* / watts 
DIMENSIONS: Nominally 7>; In wide by 6V, 

in high by 11 in deep. 
WEIGHT: Net. 11 lbs (5 kg) Shipping. 15 lbs. 

(6.8 kg). 

PRICE: Model 4260A Universal Bridge, 
$550 00.* 

Manufactured by Yokagawa Hewlett-Packard. 
Ltd . Japan, an international joint-venture com- 
pany Data subject to chango without notice 

• Price in U.S.A. fob. Palo Alto. California 
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APPENDIX 



AC BRIDGE LOCI 

A generalized w inipeclaiice bridge is 
shown in Pig, I. The bridge is driven l>\ 
.1 voltage Ei m ross the earners QQ. When 

llir voll.igc .11 niss ,11 hi 0/'i'i|ii.iN ihf volt- 
age .m i r>>% .inn OS. i he ciii||iiii voltage 
/ „ is /c-ni. \i this nine, ilit- in idgc is bal- 

.III! Cll .Hill 

Z, Z, 'ZtZ, 1 1 1 

From this relationship, the value ol 
.iiiv ill the Tout impedances enn In- cal- 
culated it the othci three are known li 
is ill Intercsi to know how the bridge be- 
haves -is h converges towards -i balance 
point 



■it, 



VI lull if.. -In /./. /,/. 

Fmure I 

GENERAL CONSIDERATIONS 

two types hi bridges* both using re- 
sistances in two ■>! the .nms. are shown 
hi i m 'i i he bridge "I Fig. -a is used 
when 'In' unknown ini|H-daine /, li.is a 
reactance die same mum .is the reac- 
tance in the standard impedance /„. In 

the budge ul I ig. Jb, llii le.ii l.im cs nl 

/, .hkI /., have opposite signs 



(a) 





Ri m u I /. mM /. 

Im». IW ■lull 



lb) " 




l<r 4 .l«„. n n| /, ,u,| 
ll«» »)>|>.>..|r aim,. 



them 



I In- roUowing is assumed: 
I I lie drivei impedance /. is bw com- 



pared in the bridge impedance look 
ing nun the |«>niis 0 and Q: 
i'Ji I he detector Impedance /j is high 
compared to the bridge output im- 
pedance .is seen m the points s and ft 
(9) \il impedances including the un- 
known are lineal 
ii is assumed that the bridge is bal- 
anced i» the following procedure 
ill u, is -ei approximate)) to the abso- 

hlte value nl /, : 
iL'l W„ anil /., ale .ill jlisl til .illclll.llcK. 
fill h adjustment being made m bring 
the output voltage / ,. to ■■ value thai 
is lowet than ih.u ol the previous 

ailjuslmeiil. 

hulloumg step (li. the voltage across 
aim OS lias a parricuiai veCtoi relation- 
ship with the driving voltage OQ, as shown 

in I ig. V Sl e| i I - 1 I In n In nigs I he lit.nl nl 

vectjoi OP in coincidence with the head 
ol vectoi os. We may considei fasauved 

|Hiiiil anil ihen nncstigalc ihc position 
ol /' as j I inn lion ol /„ .mil H h . 




Iftaun ; i 
LOCI of p 

(Considei the case when /„ consists ol 
a resistance A',, in parallel with m pure re- 
actance (Fig. li II the voltage across 



-V- 




Fiiturv 4 

' >( [ is nonnuKzed to a unit vector lying 
on (lit V with its tail al the origin. 

I lie V )' (iNiicliiiuteH ol /' in the complex 

plane afr determined t»\ itic vecioi id.i- 
ikiiiship: 

/., 

- = X + f| 



IL'l 



Substituiii 



im /., and separating iinagm.m terms 
from real terms, the M coordinates mat 

Ik- derived: 



li,' l!„ 



m,. - /<•„»•• + R/(M 



(S) 



(II 



in man) bridges ol practical design, 
ihc st. Mid. ad reactance V has a fisted 
value and onlj R* and it r aie adjustable 
Hence. We are concerned prima rib with 
the behaviod •»! /' as it,, and u r are ad- 

liisied altei natch. 

I he l(«us ol point /' as /,', jj adjusted 

while lt„ remains lived i an be detci mined 
b) eliminating lt„ from equations ill) 



and i ll K( |iiations I'M and 1 1) ran be ouii- 

bined thus; 

1. V*'' (51 
v X,.ill„ + H„) 



(6) 



Substituting equation lfi) tow epilation 

VM Melds: 

Equation t T > represents a ramlh ol rir- 
dea, as shown in Fig 5. the centers ol 




these utiles He on ihe \eili(.il line thai 

bisects the line <>(.> fhe location ol each 
i in le eentei depends on the ratio X„ II,. 
Similarly, I nun equation 



; /.■„.V„ 



X 

Sulisiiiiilmi; lln> IlKO EqtlXlKMl IS] \irlilv 



i in 



Equation i'b also represents •> ramlq ol 

(lilies, as ihoVMH i" Fig. I he (cnleis 
ol these iinles lie on ihe \ axis and aie 

determined bj the ratio 

\ similar analysis lor ihe i ase when 

/., consists ol ,i resist. line li, in series 
with a re.Kl.iiue \. also Melds a lainib ol 

■ in les Boi the lit i ol |Miiiu /■. 

In a conventional budge. H„ and /(,. 
are adjosted alternately, eat h adjustment 

In inging i he deledor delledioii to a new 

minimum. With R» held constant, point 
/' moves along .1 drcolat an described 
b) equation (7) as 11,. i- adjusted With 

Hi, held constant. |Mimt /' moves along an 

an described l>\ equation (9) as R» is 
adjusted. 

11 1 In detectoi is no) sertsUive 10 phase 
but is sensitive onl) to the absolute value 
oi the veeioi difference between points r 

and s isee Fig 9). a minimum isaihieved 
When |Miint /' is moved along a rimilai 
.111 until the line between /' and llieten- 

tei oi the an moves onto point S. \ 1 ^ (>- 

11 al (ometgenie as /{„ and I!,, aie alter- 
nateh adjusted Ibl miminimis is shown 

in Pig. * oii page 7 

— IIiIihIii Nogucm 



• 10 • 

© Copr. 1949-1998 Hewlett-Packard Co. 



A PLUG-IN UNIT FOR EXTENDING 
COUNTER-TYPE FREQUENCY MEASUREMENTS TO 12.4 GHz 



X wo basic techniques have been used 
for several years to extend into the mi- 
crowave region t lie accuracy of digital 
frequenc] measurements. Transfer os- 
cillators, in lonjunction with counters, 
can measure to 15 GHz. Heterodyne 
frequency converters, the other means 
for extending the range of counters, 
have 11 n i i i recently been limited to 
about 3 (.11/. 

Transfer Oscillators zero beat the un- 
known input signal with harmonics of 
a low frequency oscillator. The fre- 
quency of the oscillator is measured by 
the counter, then some means is used 
to find which harmonic ol the oscilla- 
tor gave zero beat. 

\ frequency converter uses a quite 
different approach. It translates down 
ward in frequency an unknown high 
(requeues signal by mixing it with a 
precisely known signal of slightly lower 
frequency. This heterodyne process 
yields a dillerence frequency within 
the basic range of the counter. Then 
the counter reading plus the known 
frequency of the mixing signal are 
added dircc tly to give the unknown. 

A frequency convener has some dis- 
tinct advantages over transfer oscilla- 
tors. It is much easier to use than 
manual transfer oscillators. But in par- 
ticular it is c apable Of much higher res- 
olution measurements than Btt) trans- 
fer oscillator. This is because the plus 
or minus one count resolution limit ol 
the counter is not multiplied b\ the 
harmonic number as in a transfer OS- 
c ilhilor. 



tliit, FWQUIHCT COMrtariB S-12.4 OH. 
HClLITt MCRABD 

l-SOO ««1 1-100 KMi 




o 



l»»Ut 

C»UT,Oh 
.0<n» HU 




fig, i. Tin- dial markings on the cavity 
tuning dial of the -hp- Model 5255A 
Frequency Converter Plug-in are trans- 
parent and give a red indication when 
the rarity is tuned to a harmonic of 200 
MHz. 



Recently the ease and accuracy of 
measurement with a heterodyne con- 
verter have been extended through 
li'. I GHz (X band). A new converter 
plug-in. Fig. I. has been designed for 
use with the -hp- Model 5245L and 

"iL'Kii. 50-mM/ i-'.iceuonic Counters to 

permit measurement of frequencies be- 
tween 3 and 12.1 CiH/. a range of over 
I to I. 

All ambiguity has been eliminated 
from the operation ol the converter, 
["here are no spurious responses within 
the frequency range of the converter or 
in adjacent bands. Furthermore the 

counter display is suppressed if insuffi- 



cient signal is present for accurate 
measurement or if the converter is mis 
tuned. 

The new frequency converter re- 
quires a signal of otU) 100 mV into 50 
ohms (—7 dBm). Fig. 2. and has an 
input SW'R of less than 2 up to 12.1 
(.11/ (Fig. 3). 

A 200-MHz signal, multiplied up 

imiii the precision frequency standard 

Of the counter. Fig. I. and having the 
same accuracy, is used to drive a spe- 
cially designed Hewlett-Packard Asso- 
ciates step-recovery diode. This diode 
generates a spectrum of 200-MHz har- 
monics, inc luding every harmonic from 
2.8 GHz through 12. 1 C.H/. At the- con 
verier is tuned through its frequency 
range, a resonant cavity selects each 
harmonic in sequence and allows it to 
pass into the broadband balanced 
mixer. A signal of unknown frequency, 
connected to the convener input, is 
also present in the mixer. A difference 
frequency signal is produced which, 
when it is in the passband of die video 
amplifier (1 MHz to 212 MHz) is 
counted and displayed. The counter, 
although rated to 53 MH/, is able to 
display the correct difference frequency 
throughout the entire amplifier range 
sinc e the video signal is divided by four 
in a prescaler circuit and the counting 
time is extended by a factor of four in 
a gate time extender circuit. Both cir- 
cuits are in the converter plug-in. and 
both functions occur automatically 
when the counter is operated in its 
'Plug-in' mode. 
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FREQUENCY (GHz) 
Fig. 2. This sensitivity plot shows the input sig- 
nal level that is required for counting, that is, to 
put the panel meter into the green region. 
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FREQUENCY (GHz) 
Fig. 3. Input VSWIi of the converter is unusu- 
ally low, typically well below 2.0. 
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5245L 
OR 57461 



0 Z5 63MH/ lo counlfi input 



Auxiliary 
Output 
1-200MHI 



10MH/ Irom counter time base 



PRESCALER 
(-4) 



' GATt IIME 
EXTENDER 



1 212 MH/ 



Aunliiry 
Input 
I 200MHi 

Input . 
3 12 IGHi • 



VIDEO 
IDIE f ERENCE 
f REQUENCYI 
AMPLIFIER 



TUNING 
METER 



MULTIPLIER 

(>20) 



) 



ii 



200MH2 



1 212MH; 



TUNING 
CAVITY 



BALANCED 




MIXER 


Selected 
harmonic 

Of 200MH7 








MAI'MONIC 


1 All harmonics 01 
< 200MHJ from 
2 BGHr through 
1?4GH; 


GENERATOR 





Fig. 4. In the -hp- Mudi'l 5255 A frequency Converter 
Plug-in, the difference frequency between the input and the 
harmonic is divided by four to put it in the range of the 
counter. Gate time is then extended [our times so that the 
counter reads frequency directly. 



OPERATION 

li> measure ;m unknown frequency. 
1 lie 1 1 unci r • - 1 is tuned si. 11 ting .11 1 he 
low frequency end of llie dial until the 
Eroni panel meter indicates the pres- 
ence ol a video (difference frequency) 



ft 
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John Dukes joined the Frequency and 
Time Division of Hewlett-Packard in 
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crowave receiver development. Before 
beginning on the 5255A he participated 
in the design of the 5100A and 5105A 
Frequency Synthesizers. He holds the 
degree of B.A. from Oberlm College, the 
BSEE from the University of North Da- 
kota, the MSEE from the University of 
California at Berkeley, and the degree of 
Electrical Engineer from Stanford, the 
last earned while on the -hp- Honors 
Cooperative Program, 



signal. Then the reading on the t outl- 
ier is added to the frequency reading 
On the convener dial, thai of the 200- 
WHa harmonic selected. Since the mix- 
ing signal contains zetocs in most of its 
significant decimal plates, addition is 
easv. By tuning from the low end. the 
harmonic selected is always below the 
unknown in frequency so that the two 
frequencies are merely added. II the 
converter is tuned from the high end 
of the dial, the lust 200- MH/: harmonic 
encountered which gives a video dif- 
ference frequency will be above the 
unknown, and thus the readings will 
have to be subtracted. This reading 
could Ik. 1 used lot frequency confirma- 
tion if desired. 

it is important to realize that the 
L'llO MH/ harmonics selected by tuning 
the c onvertcr, because they are in tegral 
multiples of the counter frequency 
standard, are precisely known. Further- 
more, the difference frequency is dis- 
played with the up to eight digit reso- 
lution available on the counter. Thus 
frequency measurements using the con- 
verter, although simple, \ield unusu- 
ally high resolution. For example, with 
the counter time base set at 1 second 
iwhich gives .1 lour second counting 
time because of the gate time extension 
in the plug in), the input microwave 
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frequency is measured to 1 Hz. 

DOWN-CONVERTER USAGE 

Although the basic function of the 
converter is to measure microwave sig- 
nal frequencies, the c onverter has other 
useful modes of operation. On the 
front panel are two BNC connectors, 
one an extra input to the video ampli- 
fier, the other an additional video am- 
plifier output. The extra input allows 
direct use of the amplifier and pre- 
staler sections of the converter for sen- 
sitive 1- to 200-MHz counting. I'sing 
iliis r >(l-ohm input, a signal of only r > 
millivolts between I -and 20(1 Mil/ can 
be counted and displayed directly. 
(This might be compared with a typi- 
cal counter which has about 100-mV 
sensitivity.) 

The extra front panel output, also 
50 ohms, supplies the difference fre- 
quency being displayed by lite c ounter, 
that is. the difference lietween con- 
vener input frequency and the adja- 
cent 200-MHz harmonic reference 
frequency. The difference frequency 
must, of course, be within the I- to 212- 
MHz passband of the video amplifier. 
Availability of this signal means that 
the converter c an function as a general- 
purpose down-converter for translat- 
ing microwave signals from 3- to 1 2.4- 
CHz d«wn into the I- to 200-MHz 
range. Such a signal could be viewed 
on an oscilloscope, or be used to meas- 
ure frequency deviation. This output 
tan also be used to lock a microwave 
oscillator to a low-frequency reference 
signal. Adding a detet lor at this Output 
enables the converter to be used as a 
receiver. 

CAVITY DESIGN 

Considerable effort was made in the 
design of this instrument to avoid any 
possibility of measurement ambiguity 
and to assure simplicity of operation. 
The cavity, which tunes from 2.8 GHz 
through 12.6 GHz with linear motion, 
has no spurious resonances cither 
within the I requeues range of the in- 
strument 01 within adjacent bands. 
Sucli responses could cause ambiguity , 
or at least inconvenience during meas- 
urement. The closest calculated spuri- 
ous mode ol the cavity is above 18 GHz, 
although, there is no response because 
ol the insufficient harmonic power gen- 
eration near that frequency. 
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an unknown frequency as illustrated here with the -hp- 
M oriel B2S6A Frequency Converter in use with the -hp- 
Morlel 524SL Electronic Counter. The converter cavity is 
tuneil to the 200 Mil; harmonw thnt appeals at the 9 (ill; 
dial setting. The counter shous the difference frequency 
between that harmonic and the input frequency, or I MO 
Mil: Thus the frequency being measured is 9.180 (111:. 



1 he mecli;mi< ill drive that tunes the 
cavity positions a tuning probe to 
within a few millionth* of an inch, yet 
there is no perceptible baiklash iron) 
tuning knob to cavity. 

The linear dial that leads out the 
frequency selected by the cavity is 
achieved without cams. The dial point 
is illuminated only when a specific har- 
monic is tuned, thus indicating graph- 
ical!) that although the dial rotates 
with continuous motion as the tuning 
knob is turned, only discrete frequen- 
cies are selected from the cavity. 

ELIMINATING AMBIGUITY 

While ease and clarity o( operation 
are important in a frequency measur- 
ing instrument, accuracy and precision 
.ire fundamental, liming responses at 
submultiples of the input frequency 
caused by harmonic mixing are a tra- 
ditional problem in improperly de- 
signed converters, and will give indica- 
tion of a signal at approximately f/2 
or f/J, etc., for an input of frequency 
I, This serious ambiguity is avoided in 
this converter (as in previous -hp- fre- 
quency converters) by a carefully de- 
signed broadband balanced mixer plus 
the controlled and uniform signal level 
from the cavity into the mixer across 
the entire frequency range. 

Insufficient l\ sharp cutofl at the high 
frequency end of the video amplifia 
bandpass - also often present in poorly 
designed converters — can cause erro- 
neous frequency displays or misleading 



operation. In this case, a strong input 
signal may cause the tuning metei to 
indicate sufficient signal level for 
proper counting even though the fre- 
quency of the video signal is beyond 
the range of the basic counter. In the 
new converter this possibility is elimi- 
nated by an extreme!) sharp cutoff at 
a video Frequency of 212 MHz, which 
corresponds to the 53 MHz high fre- 
quency input rating of the basic coun- 
ter. (Generally cutoff is achieved with 
passive filters that attenuate frequen- 
cies outside the amplifier passband. 
This converter uses a discriminator- 
type of circuit that senses frequency, 
and, when the frequency is beyond 212 
MHz inhibits both counting and am- 
plitude response- ol the Inning metei.) 

A high signal-to noise ratio has been 
maintained throughout the converter. 
I bus when the tuning meter indicates 
that sufficient signal strength is present 
for counting, that is, when the meter 
moves from the red region at the bot- 
tom of the scale into the green region, 
counting will lx- steady and accurate. 
Iiiming the front panel control peaks 
the tuning meter, but even if the meter 
is not peaked the counting remains sta- 
ble and an mate. When the meter is 
in the red region, counting is sup- 
pressed. An automatic counter reset 
pulse generated as threshold is passed 
in either direction means that as the 
counter is tuned, the counter display 
changes from all zeroes to a coned full 
count, and upon detuning resets im- 
mediately to zeroev 
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FM INPUT SIGNALS 

Although the converter is designed 
for measuring CW signals, its opera- 
tion is unaffected by large amounts — 
many megahertz — of FM on the input 
signal. The only constraint is that after 
frequency translation in the mixer, the 
peak deviations on the input signal 
must remain within the passband of 
the video amplifier. 
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SPECIFICATIONS* 

-hp- 
MODEL 5255A 
FREQUENCY CONVERTER 

RANGE: As a converter for -hp- Models 
5245L/5246L Counters. 3 to 12.4 GHz using 
mixing frequencies of 2.8 lo 12.4 GHz in 
200 MHz steps As a prescaler, 1 MHz to 
200 MHz 

ACCURACY: Retains counter accuracy 

INPUT SENSITIVITY: 100 mV rms (-7 dBm.l 

as a converter. 5 mV rms as a prescaler. 
INPUT IMPEDANCE: 50 ohms nominal. 
MAX. INPUT: -10 dBm; 0 dBm on AUX IN. 
LEVEL INDICATOR: Meter aids frequency se 

lection; indicates usable signal level. 
AUXILIARY OUTPUT: 1 MHz to 200 MHz dif 

ference signal from video amplifier 
REGISTRATION: Counter display in MHz is 

added to converter dial reading. 
INSTALLATION: Plugs into front panel plug-in 

compartment of -hp- Models 5245 L and 

5246L Electronic Counters 
INPUT VSWR: <2.0 

INPUT CONNECTOR: Precision Type N female. 

GPC 7 connector optional. 
WEIGHT; Net. 8'/. lbs. 13,8 kg) Shipping. 12 

lbs. (5,5 kg). 
PRICE: SI. 650.00 

When used with the -hp- Model 5245L 50 
MHz Electronic Counter, serial prefixed 402 
and above, and the -hp- Model 5246L Elec 
Ironic Counter. 

Prices f o b factory 
Data subject to change without notice 
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NEW FCC RULES FOR FM STEREO FREQUENCY CONTROL 



N, 



EW FCC REGULATIONS 10 go into ef- 
fect November 1. 19ti(i will require FM 
stereo broadcast stations to maintain 
then 19 kHz pilot subi airier to within 
S FIz. Those stations tarrying an addi- 
tional SCA (Subsidiary Cbmmnnica- 
lions \uihor ization) subcarrier will be 
lequircd to maintain its frequency to 
within 500 H/. SGA uses a vacant )>.ni 
of the FM ihannel to provide mon- 
aural music, facsimile and auxiliary 
services. More than one SGA service 
may be provided. Measurements must 
be made as often as necessary to insure 
stability, or ai least onos eat h da) . 

To date, the FCC has not required 
proof ol stereo performance by an FM 
stereophonic station. This recent 
amendment to FCC Rides and Regu- 
lations, Viol. HI, Pari 7:t. Radio Broad- 
cast Services, insures that the transmit- 
ted signal, when rc< eived on a properly 
adjusted receiver, will have channel 

separation to produce a stereo effect. 

Stability of the 19-kMz pilot subcar- 
rier is important in the ability of a 
ret civer to separate right and left c han- 
nel information. How this pilot sub- 
carrier is used is shown in Fig, I. The 
left and right channel (L -f R) infor- 
mal ion is transmitted with a 15-kHz 
bandwidth and is the monaural signal, 

To separate the stereo channels, it is 
ne<essar\ to send additional informa- 
tion in the form of a signal which is 
the difference between the channels, or 
(L-R). This is transmitted as ampli- 
tude modulation on a 3S-kHz subcar- 
rier super imposed on the main FM 
carrier. Fig. I. Although unintelligible 
l>\ itself, the (1^-R) signal is used in 
the process Of reprodut ing the program 
material as the two original ihannrls 
SGA, if used in addition to stereo, ma) 
be transmitted at subcarrici Ircquen- 
( ies of from 59 to 75 kHz. 

The SK-kHz subcarrier is suppressed 
at i he transmitter lot bette r utilization 
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Fie I. Graphical representation shew ing how information is 
transmitted on a typical FM channel for a stereophonic sta- 
tion carrying one channel of SCA. When only one SCA 
service is prodded, a 67 -kHz subcarrier is used. 



• il the modulation capabilities of the 
FM transmitter. Most practical detec- 
tion methods involve reinserting this 
carrier at the receiver to retrieve the 
(L-R) information. When doubled in 
the receiver, the I'.'kHz pilot subcar- 
rier can Ik* used as the reinserted S8- 
kHz nii in art ier. 

High-Q tuned circuits are necessary 
ai the receiver to get the I!) kHz out ol 
the received FM signal. II these tire nils 
are slightlv mistimed, or if the l!l kHz 
signal is oil frequency, a loss of siereo 
separation or distortion results clue to 
the change in phase caused by the sig- 
nal being at a different par t ol the Biter 

charactei isiic 

Existing FCC type-approved moni- 
tors do not have tircrrittv to measure 
the accuracy ol (he 19kHz sttlxariier 
frequency. But electronic counters us- 
ing a Quarts Crystal time base meet the 

FCC accuraq requirements and oiler 
a simple. \ci flexible means of making 
these measurements. Several -hp- elec- 
tronic counters are suitable for making 
lubcarriei frequency measurements 
Counters with extended frequency 

ranges in also useful for making car- 
tier frequent) checks. 

The accompanying table lists those 
-hp- counters suitable for frequetK) 
measurements of this type. Ml have a 



resolution of essentially il Hz at the 
I second time base setting when meas- 
uring I!) kHz.. Those counters with a 
10 second time base available will pro- 
vide a resolution of ±0.1 Hz. which is 
a desirable capability in view of the 
tight FCC requirement. 

Crystal oscillator stability given in 
the tabic is the agirtg rate of die cr ystal 
oscillator and is both a measuie ol 
overall oscillator stability and a guide 
to the allowable lime between succes- 
sive c a libra I ions to maintain ac c Ul ai \ . 



ELECTRONIC COUNTERS 
FOR FM STEREO MEASUREMENTS 



-hp- 
Model 

3734A 

3735A' 

5212A/5512A' 

5232A/5532A' 

5245U 

5246L 

524C/0' 

S23CZO' 

S32St> 



Maximum 
Frequency 

5.0 MHz 

12.5 MHl 

300 kHz 

1.2 MHj 

50 MHz * 

50 MHz 

10 MHz 

r.2 MHz 

120 kHz 



Crystal Oscillator 
Frequency Stability 

< ±2 parts In lt> 

per week 
r 2 parts in 10' 
per month 

- 2 parts in 10- 
per week 

•2 parts in 10" 
per month 

< ±3 parts in 10- 

per day 

< ±2 parts In 10 : 

per month 

- 5 parts In 10' 
per week 

< ±2 parts In 10- 

per week 

< ±10 parts in 10' 

per week 



10-second time base available as option. 
'Has 10-second lime base. 
Plug m units available to extend frequency range 
10 12^4 GHz for othor station measurements and 
for microwave link frequency measurements 
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A FREQUENCY COMB GENERATOR WITH A RANGE 
FROM 1 MHz TO BEYOND 5 GHz 



CRYSTAL calibrators. long used to 
generate RF marker frequencies for 
calibrating receiver dials, frequency 
meters, wavemetcrs. and oilier fre- 
quents sensitive devices, are limited in 
range bee ause of the small amplitude of 
the higher harmonic frequencies. Re- 
cently, it has become possible to greatly 
increase the frequency range of calibra- 
tors by taking advantage of the char- 
a< (eristics of step recovery diodes. Step 
recovery diodes increase the harmonic 
Content substantially bv introducing 
sharp transients into the basic wave- 
form. 1 

Step recovery diodes enable the fre- 
quency range of a new calibrator to ex- 
tend well beyond 5 GHz. The calibra- 
tor has three internal crystal-controlled 
osc illators at frequencies of 1. 10. and 
100 MH/ and a step recovery diode 
that shapes the oscillator outputs into 
extremely narrow pulses (see block dia- 
gram. Fig. 7). The narrow pulse width 
(less than 100 picoseconds) provides 
marker frequencies of Useful ampli- 
tude from I MH/ to bevoncl r > (.11/. 
On a plot of signal amplitude vs. fre- 
quency, such as that displayed bj a 
speettum analyzer; the instrument out- 
put resembles a comb, with frequency 
Component spacings of l. io, or I on 
\fH/ depending on the oscillator se- 
lected (Fig. 1). Hence, the instrument 

i Robert 0. Hall and Stewart M. Krakauer, 'Microwave Har- 
monic Generation and Nanosecond Pulse Generation with the 
Step-Recovery Diode,' 'Hewlett- Packard Journal,' Vol. 16, 
No. 4, Dec. 1964. 
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Fin. 2. Model H40tiA Frequency Comb (leneralur sup- 
plies internally-generated frequency components 
spaced at I, 10, or 100 MHz for calibration of broad 
tuning-range devices up to 5 GHz. Other Irequencies 
within range of I to 200 MHz may he used to drive 
Comb Generator. 




is called a Frequency Comb Generator. 

The new Frequency Comb Gen- 
erator was developed primarily as a 
convenient and accurate frequency cal- 
ibration accessory for the -hp- Model 
851 A/855IA Broadband Spectrum An 
al\/er.-' It Cat) be used as well for the 
calibration Of Other instruments with 
wide tuning ranges, such as receivers, 
signal generators, sweep osc ill.iinis. 

' Harlev t. Halverson, 'A New Microwave Spectrum An- 
alyjer,' 'Hewlett-Packard Journal.' Vol. 15, No. 1?. Auf., 
!9M 



Fie. la Portion of spectrum gen- 
erated by new Frequency Comb 
I Generator as displayed on Spectrum 
Analyzer. Portion of comb shown 
here is .700 MHz band of 10 MH: 
components (display is set for .10 
MH: /cm spectrum width I. Fre- 
quency contpontlil$ shown here, 
with spectrum analyzer set for log- 
arithmic response, have amplitudes 
that differ by less than 2 dB. 



and wavemeters. Frequency accuracy 
of each oscillator, and thus of eat h har- 
monic component, is ±0.01%. 

The new instrument also functions 
is a source of impulses for testing sys- 
tem response in the time domain. Fur- 
theimoic. il can bie used for broadband 

frequency response measurements by 
impulse testing, as described later in 
this arlic le. 

The Frequency Comb Generator 

can also be driven Sj an external sine- 
wave in the range from I to 200 Mil/ 
(the sine wave should have an ampli- 
tude of I to 3 volts nns). The resultant 
cumh then has the frequency sparing, 
accuracy, and stability of ihe external 
signal. This function enables a 1- or 
5-MHz frequency standard to be ex- 
tended up to hundreds or thousands of 
\!H/ by harmonic multiplication. In 
addition, internallv-generatcd 1-.M1I/ 
components can be added to the 10- 
MHz comb, providing frequency com- 
ponents spaced at 1 Mil/ with every 
tenth component at a higher ampli- 
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Fig. 3. 10-MHz frequency comb with 
added 1-MHz components. Higher 
amplitude oj 10-MHz component* 
provides decade scale marks for easier 
identification oj 1-MHz increments. 
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Fig. 4. Hewlett-Packard Wideband 
Spectrum Analyzer, for which Comb 
Generator was designed, displays up 
to 2000 MHz ol radio spectrum at a 
time. Wide tuning range (10 MHz to 
■10 GHz I and a ide display amplitude 
range (~>60 dli) oj Spectrum Ana- 
lyzer enable evaluation of signals 
widely separated both in amplitude 
and frequency. Analyzer was designed 
for straightforward operation: reduc- 
tion of spurious and residual re- 
sponses assures minimum confusion. 
Controls are calibrated so that fre- 
quency and relative amplitude can be 
read dua lly Comb Generator pro- 
vides markers for higher pre, i.sion in 
frequency delerm ination. 



Hide (Fig. 3). An external signal (an 
llso be used to phase-modulate the out- 
put of am of the internal oscillators to 
provide interpolation side-bands on 
the tomb components (see Fig. 12). 

THEORY OF OPERATION 

In the time domain, the output ol 
the Frequency Comb Generator is a 
train of narrow, positive pulses at a 
repetition rate that is the frequents ol 
the selected internal crystal-controlled 
oscillator or external source (Fig. ">). 
Oil a sampling ost illostope that has 
90- pi risetime, these pulses are dis- 
played as having a width of 101) ps and 
,ni amplitude "I Vk colt. CalcuLitioni 
based on the amplitude and number of 

frequent \ touiponciils as displayed on 

.i spectrum analyze) indicate that the 
pulses a< tually are less than 70 ps wide 
and haw an amplitude of about w 
volt. 

The spei num. or frequency domain 
representation, ol a pulse train consists 
of ,i di component, a fundamental fre- 
quent \ component (the repetition 
rate) and higher frequency compo- 
nents occurring at harmonics of the 
(uiul.imcnl.il, as in Fig. '>.' Since the 
output waveform approximates an im- 
pulse, each harmonic component, in- 
cluding the fundamental, has approxi- 
mately the 1 same amplitude. However, 
the pulses do have a finite width. T w , 
so that the envelope of the spectrum 

falls oil as the frec|ueniv ol the hai- 
mnnic components approaches 1 T„ 
and may ac tually go through a null at 

frequency i'T u . Because the pulse 
width of the Frequency Comb Genera- 
tor has been made less than 100 pic o- 
seconds, the null occurs beyond 10 GHz 
and useful spectrum content thus ex- 
tends well beyond 5 GHz, 

ACCURATE DETERMINATION 
OF A SIGNAL FREQUENCY 

The Frequent y ( !omb Generatoi can 
be used to improve the ac c mac \ of fre- 
quency determination with a broad- 
band Spectrum Analyzer, as described 
mi pane- 17. The accuracy of such a 
mi .iMiiemem i- the possible absolute 
frequency error of the comb (±0.01%) 
plus or minus the possible ertoi in the 
analyzer frequency display calibration 

• Actually, no 3c ae-oears m tne output ot tne Frequency 
ComD Genenlo' Decaus< of a intwted-rtiitl flifterentiatot in 
tne outout encutt 
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Fig. 5. Time Domain representation 
of output pulse truin ol Frequency 
Comb Generator. I'ulse width is des- 
ignated T., and pulse rate period is 

T,. Actual pulses have ratio of 7*. /T, 
that ranges from less than 0.0001 
to 0.01. 



(sweep linearity) that was used in meas- 
uring the last increment (5% for the 
Model B51A/8551A Spectrum Ana- 
lyzer). In the c ase described on page 17. 
i he- maximum possi hie error is (zt .000 1) 
(1850 MHz) ±(.05) (.35 MHz), which 
equals 0.2025 MHz. This is an accuracy 
of 0.011";. The accuracy in this case is 
detei mined primal ily by the 1-MIIz 
crystal oscillator in the Frequency 
Comb Generatoi while the linearity of 
the Spec Hum \nalyzei sweep is only of 
secondary importance. 

FREQUENCY CALIBRATION 
OF INSTRUMENTS 

The new instrument c an also be used 
as a soune of input signals to c hec k the 



! ^.1 I I I I I I 
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Fig. 6 Frequency domain representa- 
tion of pulse train shown in Fig. 5. 
With ideal pulses, frequency compo- 
nents would he of near identical am- 
plitude out to ll-T* and may go 
through a null nt ri /reqio-ncy of l/T. . 
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Fig. 7. Rlnrk diagram of Fre- 
quency Comb Generator. Sle/> 
recovery rliode working into 
shorted Stub line differentiator 
generates output impulse. One 
of three crystal oscillators en- 
ergized by front panel push 
buttons drives step recovery 
diode Tunnel-diode shuper 
speeds up rise limes of lower 
frequency drive signals suffi- 
ciently tO drive step recovery 
diode Ifl ilB pad makes out- 
put impedance a nominal 50 
ohms because of low imped- 
ance of shorted stub. 



POWER 
SUPPLY 



INTERPOLATION OFF 



MODULATION rw 
IMHMQMH1°I™2SP< 



COMB 



1 20MHz 



MODULATION 
100MHz 
COMB 



EXT TRIGGER 
20-200MHz 



lOMHi 



I MHz 

OSCILLATOR 



SHAPER 



INTERPOLATION 
AMPLITUDE 



100MHz 

IE £T 



10MHz 
OSCILLATOR 



OUTPUT 
AMPLITUDE 



TUNNEL DIODE 
SHAPER 



_ 100MHz 
OSCILLATOR I 



1 J 



°*T Step-Recovery Diode 
r Impulse Generator 

Output 



COMB FREQUENCY 



ACCURATE DETERMINATION OF A SIGNAL FREQUENCY 
ON A SPECTRUM ANALYZER 

The series of photographs shown here illustrate 
how the Frequency Comb Generator described in 
the accompanying article can be used to improve 
the accuracy of frequency determination with a 
broadband Spectrum Analyzer. Fig. (a) shows the 
analyzer display of a signal combined with the 
100 MHz comb. The large spike at the left is 
caused by local oscillator feedthrough in the spec- 
trum analyzer and provides a convenient zero fre- 
quency reference. Counting the comb frequency 
components from the left shows that the signal 
lies between 1800 and 1900 MHz. Now the an- 
alyzer is tuned to place the 1800 MHz marker at 
zero cm and the analyzer spectrum width is set to 
10 MHz/cm (Fig. b). Switching to the 10 MHz 
comb and again counting harmonics shows that 
the signal is between 1840 and 1850 MHz (Fig. 
c). The spectrum width is next switched to 1 
MHz/cm (d) and the 1-MHz components are 
added to the 10-MHz comb, as in Fig. (e), which 
shows that the signal is between 1847 and 1848 
MHz. With the horizontal scale expanded to 100 
kHz/cm, the signal frequency is read as 1847,35 
MHz (Fig. f). 

Signal 
In 
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Tee 
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hp Model 
,423A 
' Detector 



Coaxial Tee 



SIGNAL 
GENERATOR 



LOW PASS 

FILTER 
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Fig. 8. When Frequency Comb Gen- 
erator is used for calibration of signal 
generators, crystal detector acts as 
mixer to provide sum and difference 
products between signal generator 
output frequency and comb frequen- 
cies. Oscilloscope serves as zero-beat 
indicator to show when signal gen- 
erator output and comb component 
are at same frequency. 



accuracy of a spectrum analy/er tuning 
dial by setting the analy/er tuning dial 
cursor to the frequency of a comb com- 
ponent, and then observing the dis- 
placement of that component with 
respect to the center of the CR T dis- 
play. Obviously, sweep calibration accu- 
racy and linearity can also be checked 
by measuring the separation between 
the displayed comb components. 

Tuning dials on high-frequency re- 
ceivers are calibrated by tuning for a 
zero beat while the Frequency Comb 
Generator output is applied as the in- 
put signal. The harmonic components 
of the comb are the cardinal points 
at which the dial can be calibrated. 
Should an AM receiver not have a 
BFO, the AVC voltage may be used as 
a tuning indicator or. if the receiver is 
very sensitive, reception of a comb com- 



ponent is indicated by quieting. The 
same would be true of an FM receiver. 

Absorption wavemeters are readily 
calibrated with the Frequency Comb 
Generator and a spectrum analy/er. 
The comb generator output is fed 
through the wavemeter to the spec- 
trum analy/er and. as the wavemeter is 
tuned over its range, dips occur in the 
observed comb components. Calibra- 
tion is accomplished by comparing the 
wavemeter dial reading at the maxi- 
mum dip of a particular tomb compo- 
nent with the frequency of that com- 
ponent. 

Signal generators are calibrated with 
the set-up diagrammed in Fig, 8. The 
detector shown in the diagram func- 
tions as a mixer to produce the sum 
and difference frequent ies of the signal 
generator and Frequency Comb Gen- 
erator outputs. The higher mixing 
products are removed by the low-pass 
filter. When the signal generator is 
tuned to exact coincidence between its 
output frequency and a comb compo- 
nent, the oscilloscope display shows a 
/ero beat. This technique can also be 
used statically to calibrate a sweep OS- 
dllatOT or dynamically to place fre- 
quency marker pips on a swept-fre- 
quency display. 

The same technique can be used to 
calibrate a wavemeter in case a spec- 
trum analyzer is not available. The 
wavemeter is inserted in scries between 
the Frequency Comb Generator and 
the detector and the cardinal tuning 
points are located by noting a dip in 
the detected output. 

FREQUENCY RESPONSE MEASUREMENTS 

The frequency response of linear sys- 
tems is quickly determined by apph- 




Fig. 9. Frequency response measure- 
ment of -hp- Model .760.4 700-MHz 
Ion -pass filter using Frequency Comb 
Generator output as stimulus and 
spectrum analyzer to display results. 
Input and output combs are shown, 
displaced slightly with respect to each 
other for clarity. Comb which extends 
evenly towards right of display is in- 
put comb. Output of filter is comb that 
drops off in amplitude to right of cen- 
ter Center screen is 700 MHz. spec- 
trum width is 30 MHz/cm. and verti- 
cal calibration is 10 dB/cm. showing 
filter cutoff slope of approximately 
■42 dB/100 MHz. 
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Mixer 




Fig. 10. Broadband balanced mixer 
conversion loss as determined by Fre- 
quency Comb Generator and spec- 
trum analyzer in set-up shown in di- 
agram, tapper comb shows 10-MHz 
frequency comb as applied to mixer. 
Lower comb, which is output of mixer, 
has comb components spaced at 5 
MHz resulting from 12.5 MHz side- 
bands on each side of input comb 
components. Center of display is 500 
MHz, spectrum width is 100 MHz/ 
cm, and vertical calibration is 10 dB/ 
cm. Conversion loss at any frequency 
is difference between comb ampli- 
tudes at that frequency. 



ing the frequency comb to the input of 
the system or device and observing the 
resultant output spectrum on a spec- 
trum analy/er. The ratio of the output 
comb to the input comb is the transfer 
function of the device in the frequency 
domain. With an ideally flat input 
comb, the envelope of the comb dis- 
played on the spectrum anah/er is the 
frequency response of the device being 
tested. 

Since the envelope of the comb gen- 
erator output has some variations, this 
measurement is best made by an in- 
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Rod Carlson joined -hp- in 1958 as 
a development engineer, initially work- 
ing on the 160A Militarized Oscillo- 
scope and then as project leader for 
the 185A Sampling Oscilloscope and 
related equipment, such as the 213A 
Pulse Generator. Rod subsequently be- 
came manager of sampling oscillo- 
scope development. He transferred to 
the -hp- Microwave Division in 1964 
as project leader on the 8405A Vector 
Voltmeter and is presently manager of 
the Microwave Lab signal analysis 
section. 

Prior to joining -hp-. Rod spent five 
years as an instrumentation engineer 
dealing with aircraft stability and con- 
trol. He holds a BS degree from Cornell 
University and is a member of IEEE. 
Tau Beta Pi, Eta Kappa Nu. and Phi 
Kappa Phi. 
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Harley Halverson joined -hp- in 
1957 while completing an M.S. degree 
at Stanford University. Prior to Stan- 
ford. Harley had been in the Air Force 
which he had joined on graduation 
from South Dakota State College. 

At -hp-, Harley worked on the 355- 
series VHF Attenuators and the 606A 
HF Signal Generator. He then became 
project leader on the 8551A Wideband 
Spectrum Analyzer RF Unit and has 
continued in spectrum analyzer de- 
velopment since completion of that 
project. 
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Fig. 11. Set-up for measurement of reflection coefficient with broadband 
Comb Generator /Sped rum Analyzer technique. Spectrum Analyzer in- 
itially is connected to forward auxiliary arm of coupler to monitor fre- 
quency comb applied to device under test. Spectrum Analyzer is then 
connected to reverse auxiliary arm to monitor reflected comb. Compar- 
ison of forward to reverse combs determines reflection coefficient. 



sertion method. The lop of the comb, 
with the comb generator output ap- 
plied directly to the spectrum analyzer 
and with the analyzer set for a loga- 
rithmic vertical display, is traced on 
the CRT face with a grease pencil. The 
device to be measured is then inserted 
between the comb generator and the 
spectrum analyzer and the comb dis- 
played is compared with the pencil 
mark. The difference between combs 
represents the transfer function of the 
device in dB vs. frequency. "T his pro- 
cedure may also be performed photo- 
graphically by making a before-and- 
after double exposure, as shown in 
Fig. 9. 

The frequency comb technique is a 
quick, moderately accurate, method of 
measuring frequency response and it 
has the added advantage that the fre- 
quency points are known very accu- 
rately. Fig. 9 shows the result of per- 
forming this measurement on a 700- 
\IH/ low-pass filter. Fig. 10 shows the 



Fig. 12. Phase modulation of 100 
MHz comb by 20 MHz sine wave 
results in sidebands astride each 
"tooth" of frequency comb. Shown 
here are 1000 MHz and 1100 MHz 
comb components (large amplitude 
responses) with 980, 1020. 1080. and 
1120 MHz sidebands. 



measurement of the conversion loss 
of a mixer vs. frequency using the 
method. 

This technique can also lie used to 
measure reflection coefficient. To do 
this, a dual directional coupler cover- 
ing the frequency range of interest is 
inserted in the set-up, as shown in Fig. 
1 1 . The spectrum analyzer, set for a 
logarithmic display, is first connected 
to the incident wave terminal of the 
coupler anil then to the reflected wave 
terminal. The difference between the 
two responses is the return loss directly 
in dB from which the reflection co- 
efficient is easily calculated. 

To assure validity of the comb 
method for measuring frequency re- 
sponse, the system under test must be 
capable of operating linearly with a Vt 
volt pulse input if its input bandwidth 
is greater than 5 GHz. If an input filter 
can be used, or if the input bandwidth 
is less than 5 GHz, the necessary range 
of linear operation can be calculated 
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Iroin the knowledge thai the Fre- 
quency Comb Generator output is 150 
pV/MHz. 

PHASE MODULATION CAPABILITY 

Each of the internal tombs can be 
phase modulated over a wide modula- 
tion frequency range bv applying a low 
level signal (1-100 mV) to the appro- 
priate external trigger input while the 
desired comb 'Frequency' button is de- 
pressed. Low-index phase modulation 
produces sidebands astride each tooth 
of the tomb antl spaced from the main 
comb bv the modulation frequency. 



Fig. 13. Interpretation of spec- 
trum display shown in Fig. 12. 
For modulation indices of less 
than 0.2, modulation index 
(At) equals ratio of twice one 
sideband amplitude to carrier 
amplitude (At = 2B/A). Fre- 
quency deviation (±F) is ± 
product of modulating fre- 
quency (I*) and modulation 
index t AF = Af). 



As an example, Fig. 12 shows the 
1000-MHz and 1 100-MHz components, 
with their 20-MH/ sidebands, resulting 
from modulation of the 100-MH/ comb 
with a 20-M Hz signal. The instrument 
is designed to enable the 1-MHz oscil- 
lator to phase modulate the 10-MH/ 
comb, generating lower level 1 MM/ 
components in the 10-MH/ spectrum 
(Fig. 3). 

This technique can be used for in- 
terpolation purposes when determin- 
ing the frequency of a signal apj>earing 
oti the s|>e(tnim analy/er. The modu- 
lation frequency provided by an exter- 



nal source is varied until the sideband 
coincides with the unknown signal. 
Theil the unknown frequency is the 
frequency of the main comb harmonic 
(omponent ± the modulation fre- 
quency, depending on whether an 
upper or lower sideband was made to 
coincide. 

The amplitude required of a mod- 
ulating signal for a given modulation 
index depends on the comb being mod- 
ulated, the harmonic component, and 
the modulation frequency. The modu- 
lation frequency may be from kilohert/ 
to tens of megahertz, permitting the 
generation of FM or phase modulation 
signals of low modulation index but 
at very high modulation frequencies. 

The modulation index can be meas- 
ured by observing the output signal on 
the spectrum analyzer (see Fig. 13). 
The modulation index of Fig. 12 is 0.2 
which means the frequency deviation 
is ±4 MHz. The Comb Frequency 
Generator has been used in this man- 
ner in our laboratory to measure the 
frequency response of a wideband dis- 
( i iminaior. 
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specifications 

-hp- 
model 8406A 

FREQUENCY COMB GENERATOR 

COMB FUNDAMENTAL FREQUENCIES: t, 10. 

and 100 MHz. pushbutton selected, generate 
harmonically related signals usable to beyond 
5 GHz. 

COMB FREQUENCY ACCURACY: -001% (0* 

to 50"C). 

PEAK AMPLITUDE (in terms of eQuivalent cw 
signal level as measured on -hp— Model 
851B/8551B Spectrum Analyzer): 
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OUTPUT AMPLITUDE control permits contin 
uous level adjustment 

COMB OUTPUT CONNECTOR: Type N female, 
source Impedance approximately 50 ohms 



MAXIMUM PERMISSIBLE EXTERNAL SIGNAL 
AT COMB OUTPUT: Signals exceeding 1 watt 
(peak and average) at comb output may cause 
damage 

INTERPOLATION FUNCTION: 10 MHz and 1 

MHz combs can be combined into primary- 
secondary comb; INTERPOLATION AMPLI- 
TUDE control adjusts level of secondary (] 
MHz) signal. 
EXTERNAL MODULATION: External modulation 
signals as low as 5 kHz can be used to phase 
modulate any comb to produce sidebands for 
interpolation between fixed comb markers 
Level of modulation voltage required vanes 
with modulating frequency and harmonic 
number of comb being modulated. As an ex- 
ample, to produce sidebands approximately 
20 dB below mam comb marker at 1 GHz 
harmonic of appropriate comb, typical mod 
ulatlon voltages are: 

1-2 mV rms at 200 kHz for the 1 kHz 
comb. 

5-10 mV rms at 2 MHz for the 10 MHz 
comb 

50-100 mV rms at 20 MHz for the 100 MHz 
comb 



Signals greater than 5 V rms at modulation 
input may cause damage. BNC female con 
nector 

EXTERNAL TRIGGER: External signals (normally 
sine waves) between 1 and 200 MHz can be 
used to produce combs spaced at frequency 
of trigger signals Typical input signal levels 
are in range of 1-3 volts rms Input signals 
greater than 5 volts rms may cause damage 
OUTPUT AMPLITUDE control of 8406A can be 
used to adjust output comb level with input 
triggers in 1-20 MHz frequency span. Output 
comb amplitude is a (unction or input signal 
level when using signals in frequency span 
from 20 to 200 MHz BNC female connector. 

POWER: 115 or 230 volts ± 10%. 50 to 400 Hz. 
2 watts. 

SIZE: Nominally 5 V, in wide by 6% In. high by 
U In. deep, r 130 x 155 x 279 mm.) 

WEIGHT: Net: 6 lbs. (2,7 kg). Shipping. 9 lbs. 
(4.1 kg) 

PRICE: Model 8406A, S 500 00. 

Prices f.o.b. factory 

Data subject to change without notice 
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